Abstract Yeast-mold mycobiota inhabit several natural ecosystems, in which symbiotic relationships drive strategic pathoadaptation. Mycotoxins are metabolites produced by diverse mycotoxigenic fungi as a defense against yeasts, though at times yeasts secrete enzymes that degrade, detoxify, or bio-transform mycotoxins. The present study is focused on the in vitro inhibitory effects of zearalenone (ZEN), a F2 mycotoxin produced by several Fusarium and Gibberella species, on different microbial strains. ZEN exhibited no effect on the planktonic growth or biofilms of several Gram positive and negative bacteria at the tested concentrations. Remarkably, Candida albicans biofilm formation and hyphal morphogenesis were significantly inhibited when treated with 100 lg/mL of ZEN. Likewise, ZEN proficiently disrupted pre-formed C. albicans biofilms without disturbing planktonic cells. Furthermore, these inhibitions were confirmed by crystal violet staining and XTT reduction assays and by confocal and scanning electron microscopy. In an in vivo model, ZEN significantly suppressed C. albicans infection in the nematode Caenorhabditis elegans. The study reports the in vitro antibiofilm efficacy of ZEN against C. albicans strains, and suggests mycotoxigenic fungi participate in asymmetric competitive interactions, such as, amensalism or antibiosis, rather than commensal interactions with C. albicans, whereby mycotoxins secreted by fungi destroy C. albicans biofilms.
Introduction
Microbial diversity has resulted in production of many bioactive compounds by microorganisms that either arrest or favor the growths of other nearby microbes [1, 2] . In soil, secondary metabolites produced by certain filamentous fungi are highly harmful to other species [3] , and mycotoxins are biologically active secondary metabolites produced by these filamentous fungi that pose grave threats to other species [4, 5] . Several soil-borne microbes with experience of exposure to these toxic metabolites have developed strategies to neutralize mycotoxins. In particular, yeasts have been shown to detoxify and even biotransform mycotoxins to non-toxic products [6, 7] , and soil-borne Candida sp. have been shown to produce a multitude of enzymes and anti-toxins that can undertake these biotransformations. Furthermore, Candida tropicalis, Torulaspora delbrückii, Zygosaccharomyces rouxii, and several strains of Saccharomyces have been reported to degrade the Fusarium mycotoxin zearalenone (ZEN) to its metabolites alpha-and beta-zearalenol [8, 9] . ZEN and another mycotoxin, deoxynivalenol (DON) have also been shown to induced mycotoxin biotransformation and deepoxidation, respectively, in the gut microflora of pigs [9, 10] . For establishing ecological stability in the dynamic ecosystem, it is highly indispensable to maintain an equilibrium by balancing the aggressive traits and byproducts produced by different microbes. C. albicans is considered an important yeast that exists symbiotically with several microflora and is ubiquitously present in soil and other natural environments [11, 12] . C. albicans infections may originate from other natural sources, and in fact, several studies have reported the presence of C. albicans in vegetables, fruits, cheese, and other food products [13] . Interestingly, these products are also natural hosts for several other mycotoxigenic fungi, such as, Aspergillus, Fusarium, Alternaria, and Gibberella species, which produce and secrete diverse harmful metabolites [14, 15] .
Yeast-mold mycobiota and interactions between these two fungal phyla have been reported in food products and in the natural environments [13, 16] . In such a postulated model, mycotoxigenic fungi flagrantly dominated C. albicans in terms of instigating infections in human [17, 18] . Although C. albicans has the ability to degrade mycotoxins in experimental environments involving free living planktonic yeasts, it appears to fail to do so in natural environments. In most natural environments, microorganisms exist primarily as biofilms rather than as planktonic cells [19, 20] . Assuming C. albicans also exists in biofilms when living in synergism with mycotoxigenic fungi, it would seem it is constantly exposed to toxic fungal metabolites, which might limit C. albicans biofilm production and prevent it from dominating a ''mycotoxin induced human infections''.
Based on this notion that mycotoxins may play a role in biofilm formation by other microbes, we investigated the effects of ZEN on the microbial growth, biofilm formation, metabolic activities, and hyphal profiles known to cause human infections.
Materials and Methods

Microbial Strains and Materials
C. albicans DAY185 and C. tropicalis 53033 used in this study were obtained from the Korean Culture Center of Microorganisms (KCCM), while other C. albicans strains (ATCC 10231, ATCC 24433 and ATCC 18804) were purchased from American Type Culture collection (ATCC). Streaking and subculturing of C. albicans and C. tropicalis strains were performed on potato dextrose agar (PDA) or in potato dextrose broth (PDB), respectively. The bacterial strains, Pseudomonas aeruginosa PAO1, Pseudomonas fluorescens F113, Enterobacter aerogenes ATCC 13048, Klebsiella pneumoniae KCCM 2619, Agrobacterium tumefaciens [21] , Staphylococcus aureus ATCC 25923, S. aureus ATCC 6538, and methicillin resistant S. aureus (MRSA) ATCC BAA-1707 were obtained from the KCCM and cultured in Luria-Bertani (LB) medium. All microbial strains used in the study were preserved at -80°C in 1 mL of LB/PDB supplemented with 30% glycerol stock, and when needed, streaked on LB/PDA plates. Plates were incubated for 24 h at 37°C, and a fresh single colony was then inoculated into 25 mL of PDB and cultured overnight at 37°C. ZEN was purchased from Sigma-Aldrich (St. Louis, USA) and dissolved in dimethyl sulfoxide (DMSO).
Minimum Inhibitory Concentration Assay
Minimum inhibitory concentrations (MICs) were determined using a microdilution method, as previously described [22] in a 96-well polystyrene plates (SPL Life Sciences, Korea). C. albicans cells (8 9 10
5 CFU/mL) were inoculated and cultured overnight in PDB at different ZEN concentrations (0-3000 lg/mL) for 24 h at 37°C. MIC was defined as the lowest concentration that inhibited microbial growth by at least 80%, as assessed by spectrophotometry (620 nm).
Crystal Violet Biofilm Inhibition Assay
Static biofilm formation assays were performed in 96-well polystyrene plates, as previously reported [23] . Briefly, overnight cultures of C. albicans strains were inoculated into PDB (total volume: 300 lL) at an initial OD of 0.1 at 620 nm and cultured with or without ZEN at different concentrations (0-200 lg/mL) for 24 h without shaking at 37°C. Biofilm formation was quantified after washing three times with H 2 O to remove non-adherent cells, staining with crystal violet for 20 min, rinsing three times with H 2 O, and extracting the crystal violet with 95% ethanol. Absorbance was measured at 570 nm, and results are presented as the averages of at least two independent treatments.
Planktonic and Biofilm Metabolic Activity-XTT Reduction Assay
Colorimetric XTT [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide sodium salt] reduction assays were performed as previously described [24] . Briefly, C. albicans strain was inoculated in PDB for 24 h at 37°C with shaking at 250 rpm. Cells were reinoculated in PDB with or without ZEN (0, 20, 50, 100 or 200 lg/mL) in a 96-well plate for 24 h at 37°C. An XTT reduction kit (Sigma-Aldrich, USA) was used to measure the metabolic activities of planktonic and biofilm cells. XTT and menadione solution were prepared at 20:1 (v/v) immediately prior to assay. PBS (158 lL) was mixed with XTT-menadione solution (42 lL) and transferred to each well containing pre-washed biofilms, and incubated in the dark for 3 h at 37°C. After incubation, the colored supernatant (100 lL) was transferred to new microtiter plates, and OD was measured at 450 nm.
Confocal Laser Scanning Microscopy Imaging
C. albicans cells were cultured in 96-well polystyrene plates (SPL Life Sciences, Korea) without shaking in the absence or presence of ZEN. Planktonic cells were then removed by washing with PBS buffer three times, and C. albicans cells were stained with carboxyfluorescein diacetate succinimidyl ester (Catalog #: C34554, Invitrogen, Molecular Probes, Inc, Eugene, USA); a minimally fluorescent lipophile, which becomes highly fluorescent when it loses its acetyl groups due to the actions of intracellular esterases. Biofilms were visualized by excitation using an Ar laser at 488 nm (emission wavelength 500-550 nm) under a confocal laser microscope (Nikon eclipse Ti, Tokyo) equipped with a 209 objective [25] . Color confocal images were constructed using NIS-Elements C version 3.2 (Nikon eclipse). For each experiment, at least 10 random positions in two independent cultures were examined.
Assay of C. albicans Hyphal Development
This assay was performed in 2 mL of Roswell Park Memorial Institute (RPMI-1640) medium (Sigma Aldrich, USA), as previously described [26] . Cell suspensions were diluted (1:100) in the medium and incubated with different concentrations of ZEN (0, 20, 50 or 200 lg/mL) at 37°C with agitation (200 rpm) for 24 h. Aliquots were visualized under bright field using an iRiS TM Digital Cell Imaging System (Logos Bio Systems, Korea). Untreated samples were used as controls.
Scanning Electron Microscopy (SEM)
SEM was used to observe hyphal formation, as previously described [25] . Briefly, a nylon filter was cut into 0.5 9 0.5 cm pieces and single pieces were placed in the wells of 96-well plates containing 200 lL cells of OD 0.05 at 600 nm. Cells were incubated in the presence or absence (untreated control) of ZEN at 37°C for 24 h without shaking, fixed with glutaraldehyde (concentration 2.5%) and formaldehyde (concentration 2%) for 24 h, and then post-fixed by treating them with sodium phosphate buffer, osmium, an ethanol series (50, 70, 80, 90, 95 and 100%), and isoamyl acetate. After critical-point drying, cells were examined under a S-4100 scanning electron microscope (Hitachi, Japan) at a voltage of 15 kV and magnifications ranging from 9 2000 to 9 10,000.
Nematode Survival Assay
To investigate the effects of ZEN on the virulence of C. albicans, the nematode C. elegans was infected with C. albicans, as previously described [5] . Briefly, a freshly prepared overnight C. albicans culture (100 lL) was spread onto the lawns of PDA plates and incubated for 48 h at 37°C. Synchronized adult C. elegans fer-15; fem-1 nematodes were then allowed to feed on C. albicans lawns for 4 h at 25°C. Worms were collected and washed three times with sterile M9 buffer. Approximately 10 worms were then pipetted into single wells of 96-well plates containing PDB medium and treated with ZEN at concentrations (10, 20, 50 and 100 lg/mL). Non-treated worms were used as controls. Two independent trials were conducted with a total of six repetitions. Results are expressed as percentages of alive or dead worms after 4 days of incubation, and photographs were taken using an iRiS TM Digital Cell Imaging System (Logos Bio Systems, Korea).
Statistical Analysis
At least two independent experiments were conducted and results are expressed as means ± SD. The student's t test was used to determine the significances of differences between treated and non-treated samples. Statistical significance was accepted for P values \ 0.05.
Results and Discussion
Yeast-mold interactions are probably asymmetric and competitive in nature, and thus, we supposed molds might release metabolites that detrimentally affect yeast biofilms. To investigate whether mycotoxins affect biofilms, we investigated the biofilm inhibitory activity of zearalenone (ZEN) on several microbes.
Initially, biofilm formation by selected Gram negative bacterial pathogens (Fig. 1) were tested in presence of various concentrations of ZEN (0, 10 or 100 lg/mL). Of the pathogens tested, most were resistant to higher concentrations (up to 100 lg/mL) of ZEN. P. aeruginosa, P. fluorescens, E. aerogenes, K. pneumoniae and A. tumefaceiens exhibited similar profiles with no significant decline in biofilm or growth at ZEN concentrations of 10 or 100 lg/mL (Fig. 1) , though P. aeruginosa and P. fluorescens showed a slight increase in biofilm formation. Our findings agree with those of Boutibonnes et al. [27] duu who also reported ZEN did not exhibit an inhibitory effect on growth of several Gram negative bacterial strains. We also found ZEN had no detrimental effect on growth of the Gram positive strains of S. aureus strains, namely, 25923, 6538, or MRSA tested (Fig. 1) . It was also previously shown microorganisms sensitive to aflatoxins were restricted to Gram-positive species and that ZEN has limited anti-bacterial activity [27] . These results suggest bacterial strains either detoxify or bio-transform ZEN to its secondary metabolites, which are incapable of adversely affecting the strains as such.
Recently, a different Fusarium mycotoxin, enniatins, was shown to exhibit antifungal activity against probiotic yeasts such as Saccharomyces cerevisiae [28] . We further conducted experiments to test the prospective role of ZEN on growth and biofilm formation of pathogenic yeasts namely, C. albicans DAY185 and C. tropicalis KCCM 50533.
Candida tropicalis showed no effect on the growth and biofilm formations when tested with varying concentrations of ZEN (Fig. 1a) . The inherent resistance of this strain might be attributed to the dynamic environment from which it has been isolated suggesting its natural resistance pattern. The growth profile of C. albicans strain treated with ZEN at different concentrations (0-200 lg/mL) also showed no significant decline (P [ 0.05) and the MIC was around 3000 lg/mL ( Fig. 2A) . High MIC value reveals the strain's astonishing potential to withstand the mycotoxin. Either strain detoxifies the mycotoxin by enzymatic degradation, absorbs to its cell-components or eliminates it via the clusters of efflux pumps, though the exact mechanism of action is not understood.
Interestingly, we found a significant reduction (P \ 0.05) in biofilm formation by C. albicans DAY185 at a ZEN concentration of 100 lg/mL (Fig. 2b) , and this reduction was increased at concentrations [ 100 lg/mL (Fig. 2b) and the biofilm reduction was apparent when tested in hyphal producing RPMI medium as well (S1 Fig). Confocal microscopic images also confirmed reduction of C. albicans biofilm formations on polystyrene surfaces by ZEN; qualitative reductions in fluorescence intensities were observed in C. albicans biofilms treated with ZEN at 100 lg/mL (Fig. 2c) . In the natural environment, biofilms are usually established by a primary organism and if a symbiotic or dominant relationship is to be established by a second organism, it is essential that it selectively eliminates biofilms of the primary organism. To investigate this, we examined the ability of ZEN to disrupt established C. albicans biofilms. ZEN was found to disrupt preformed C. albicans biofilms at concentrations of C 100 lg/mL (Fig. 3a) . We then examined the viabilities of C. albicans biofilm cells treated with ZEN using a XTT reduction assay. The results showed that ZEN at C 100 lg/mL significantly reduced metabolic activities of biofilm cells but not those of their planktonic counterparts (Fig. 3b) .
When we examined the effects of ZEN (0, 10 and 100 lg/mL) on different strains of C. albicans (ATCC 10231, ATCC 24433, and ATCC 18804), all strains tested were found to respond in the same way to the mycotoxin. More specifically, at 100 lg/mL ZEN had no detrimental effect on planktonic cells, but effectively prevented biofilm formation on polystyrene surfaces (Fig. 4) . Yeast-to-hyphal transition in C. albicans is a characteristic ability to achieve phenotypic plasticity and variability that enables strategic pathoadaptation to the external environmental conditions [29, 30] . Hence, we examined the effect of ZEN on planktonic cells in liquid broth cultures. C. albicans DAY185 hyphal growth assays were performed after treatment with different concentration of ZEN (0, 20, 50 and 100 lg/mL) in RPMI-1640 medium for 24 h at 37°C. Immense numbers of hyphal filaments were observed in non-treated controls but no hyphal filaments were observed after treatment with ZEN at 100 lg/mL (Fig. 5a) , indicating concentration dependent inhibition. Furthermore, inhibition of hyphal growths by ZEN at similar concentrations on nylon membranes were confirmed by SEM analysis. On these membranes, C. albicans DAY185 formed a biofilm matrix consisting of yeast cells and hyphal elements. Controls produced biofilms containing hyphal filaments, whereas hyphal growth was significantly reduced by ZEN at 10 lg/mL and completely absent in samples treated with ZEN at 100 lg/mL (Fig. 5b) . Accordingly, it would appear that hyphal inhibition is responsible for the effect of ZEN on biofilm architecture. Nonetheless, biofilm development by C. albicans is complex, and it has been suggested hyphal concomitant is usually triggered during biofilm maturation [31] .
Candida albicans is a commensal organism [32] , but at times it becomes aggressive and eliminates other organisms. Pathogenic interactions between C. albicans and mycotoxigenic fungi has been demonstrated, and relationships between these organisms are not always in concord due to the inherent resistance features of C. albicans, such as, biofilm formation, quorum sensing, hyphal growth, and ability to secrete enzymes [33, 34] . This aggressive nature of C. albicans represents an advantage over mycotoxigenic fungi. In the present study, we also found ZEN had no effect on planktonic C. albicans at concentrations as high as 1000 lg/mL (data not shown), which also suggests an ability to degrade mycotoxin.
Candida albicans is invariably found among human gut flora and is known to cause opportunistic infections in patients with a weakened immune system. The pathogen enters the environment via human waste [35] , and its presence has been also reported in vegetables and soils. The consumption of these vegetables by humans may also result in instigation of yeast infection [36] . Such cases, through rare, may also be a detrimental factor for spread of infection in human. Several of these vegetables are primary food sources for mycotoxigenic molds and these molds drastically reduce C. albicans levels in vegetables. Yeastmold interactions in natural ecosystem might exists though it is not established universally and in such an interaction, the mold dominates the yeast species possibly due to the productions of toxic metabolites that prevent or reduce yeast biofilms. The study is mainly focused on a mycotoxin as a biofilm inhibitor as the biosynthesis of ZEN, and its role in soil-based ecology are unexplored. We found ZEN possesses in vitro antibiofilm activity against C. albicans, but was ineffective against several other microbes tested.
Candida albicans infected C. elegans model is commonly used to assess the in vivo activity and toxicity of mycotoxins [37] . In the present study, the survival rates of infected C. elegans were markedly increased by ZEN at 100 lg/mL (Fig. 6) .
Our study delineates ZEN as a promising antibiofilm agent against C. albicans. However, ZEN is highly toxic to humans and thus, its medical use is unlikely [38] , but it could offer a developmental starting point to the identification of suitable structural analogs or derivatives. In fact, propionate derivatives of ZEN have been synthesized with less toxicity and greater activity than ZEN [39] . Furthermore, because antibiotics and mycotoxins have similar chemical structures, biosynthetic pathways, genetic structures, and functionalities [40] , structural and functional modifications of entities like ZEN would seem to offer a means of addressing the current antibiotic resistance crisis.
Candida albicans is known to inhibit the growth of different filamentous fungal species in vitro, and other Candida species have been shown to degrade several mycotoxins. Though the antagonistic activities of yeasts on molds have been observed under laboratory conditions, little is known of the natures of their interactions in their ecological niches. In the present study, ZEN was found to inhibit biofilm and hyphal development by C. albicans. We believe that these activities also occur in natural environments where C. albicans and molds coexist and that mycotoxins produced by these molds have significant 
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